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Clinical PerspectiveWhat Is New?High levels of lipids and lipid variability are established risk factors for atherosclerotic cardiovascular disease, but their roles in atrial fibrillation (AF) development are unclear.This study provides strong evidence to support the "cholesterol paradox" that low levels of cholesterols are associated with AF development, and also that high cholesterol variability is associated with AF development.What Are the Clinical Implications?Lipid levels and their variability can provide additional clues for the patient and physician in predicting who will develop AF.Whether reducing cholesterol variability can also reduce AF risk requires further investigation.

Introduction {#jah34633-sec-0008}
============

High levels of blood pressure, glucose, cholesterol, and body weight are well‐known risk factors for cardiovascular disease. In addition, the variability of these measures is reported to be associated with cardiovascular risk.[1](#jah34633-bib-0001){ref-type="ref"}, [2](#jah34633-bib-0002){ref-type="ref"}, [3](#jah34633-bib-0003){ref-type="ref"}, [4](#jah34633-bib-0004){ref-type="ref"}, [5](#jah34633-bib-0005){ref-type="ref"}, [6](#jah34633-bib-0006){ref-type="ref"} In the case of lipids, variabilities in total cholesterol,[6](#jah34633-bib-0006){ref-type="ref"}, [7](#jah34633-bib-0007){ref-type="ref"}, [8](#jah34633-bib-0008){ref-type="ref"} low‐density lipoprotein cholesterol (LDL‐C),[9](#jah34633-bib-0009){ref-type="ref"}, [10](#jah34633-bib-0010){ref-type="ref"}, [11](#jah34633-bib-0011){ref-type="ref"} high‐density lipoprotein cholesterol (HDL‐C),[10](#jah34633-bib-0010){ref-type="ref"}, [12](#jah34633-bib-0012){ref-type="ref"} and triglycerides[12](#jah34633-bib-0012){ref-type="ref"} are all associated with increased cardiovascular events.

The relationship between cholesterol and incident atrial fibrillation (AF) is less clear. As cardiovascular risk factors such as hypertension, diabetes mellitus, obesity, and chronic kidney disease are also risk factors for AF, it seems that dyslipidemia should also be a risk factor for AF; however, there seems to be a "cholesterol paradox" in AF.[13](#jah34633-bib-0013){ref-type="ref"}, [14](#jah34633-bib-0014){ref-type="ref"} Hypercholesterolemia has been associated with a lower prevalence of AF.[15](#jah34633-bib-0015){ref-type="ref"} Low levels of LDL‐C and total cholesterol[16](#jah34633-bib-0016){ref-type="ref"}, [17](#jah34633-bib-0017){ref-type="ref"}, [18](#jah34633-bib-0018){ref-type="ref"}, [19](#jah34633-bib-0019){ref-type="ref"}, [20](#jah34633-bib-0020){ref-type="ref"} have been associated with increased AF incidence. Studies have shown an inverse association[13](#jah34633-bib-0013){ref-type="ref"}, [16](#jah34633-bib-0016){ref-type="ref"}, [21](#jah34633-bib-0021){ref-type="ref"} or no significant association[17](#jah34633-bib-0017){ref-type="ref"}, [19](#jah34633-bib-0019){ref-type="ref"}, [20](#jah34633-bib-0020){ref-type="ref"}, [21](#jah34633-bib-0021){ref-type="ref"} between HDL‐C and AF, and mostly no association between triglycerides and AF.[16](#jah34633-bib-0016){ref-type="ref"}, [17](#jah34633-bib-0017){ref-type="ref"}, [19](#jah34633-bib-0019){ref-type="ref"}, [20](#jah34633-bib-0020){ref-type="ref"} Meanwhile, compared with the multitude of studies on lipid variability and cardiovascular risk, the association between lipid variability and AF has not yet been studied.

Therefore, we examined the prognostic significance of baseline lipid levels, and investigated whether the variability of lipid parameters is associated with a higher risk of AF in a large population‐based cohort.

Methods {#jah34633-sec-0009}
=======

Study Population {#jah34633-sec-0010}
----------------

The study population was identified from the National Health Insurance Service database, which provides healthcare benefits and regular health check‐ups for the total Korean population, and can be used for population‐based studies.[8](#jah34633-bib-0008){ref-type="ref"}, [22](#jah34633-bib-0022){ref-type="ref"}, [23](#jah34633-bib-0023){ref-type="ref"}, [24](#jah34633-bib-0024){ref-type="ref"}, [25](#jah34633-bib-0025){ref-type="ref"} Anonymized data are publicly available from the National Health Insurance Sharing Service (nhiss.nhis.or.kr) on request for all researchers whose research protocols have been approved by the Institutional Review Board. Details of the data source are available in Data [S1](#jah34633-sup-0001){ref-type="supplementary-material"}. This study included a retrospective cohort from the general population who underwent government‐provided annual health check‐ups. Of 12 144 206 subjects (≥20 years) who underwent health examinations in 2012 (index year), those who underwent ≥3 examinations in the prior 4 years (between January 1, 2009 and December 31, 2012) were included (n=4 285 420). Of note, this period was set because the measurement of LDL‐C levels in health check‐ups started from 2009. Subjects with a history of AF (n=50 955) and subjects on lipid‐lowering medications (statin, ezetimibe, fenofibrate) (n=574 080) before the index year were excluded. A total of 3 660 385 subjects were included in the final study population. The study population was followed from the index year until censoring by new‐onset AF, death, or until December 31, 2015, whichever came first.

This study was approved by the Institutional Review Board of Seoul National University Hospital (E‐1805‐112‐948), and informed consent was waived.

Data Collection and Definitions {#jah34633-sec-0011}
-------------------------------

Details of the health examinations are available in Data [S1](#jah34633-sup-0001){ref-type="supplementary-material"}. Baseline characteristics and health examination results were those collected in the index year. All lipid levels showed normal distribution except for triglycerides, which showed a positively skewed distribution. Thus, triglyceride levels were transformed into a logarithmic scale to approximate a bell‐shaped normal distribution and are represented by geometric means and 95% CI from back transformation to the original scale. Lipid variability was represented by the variability independent of mean, which is defined to be uncorrelated with mean levels and is calculated as 100×SD/mean^beta^, where beta is the regression coefficient, on the basis of the natural logarithm of the SD over the natural logarithm of the mean.[8](#jah34633-bib-0008){ref-type="ref"} Two other indices of variability were used in sensitivity analyses: SD, and coefficient of variation. The coefficient of variation was calculated as the ratio of the SD to the mean.

Diseases were defined using the *International Classification of Diseases, Tenth Revision* (*ICD‐10*), healthcare usage and medication. The end point was incident AF (*ICD‐10* code I48, with ≥1 diagnosis during admission or ≥2 diagnoses at outpatient clinic).[23](#jah34633-bib-0023){ref-type="ref"}, [24](#jah34633-bib-0024){ref-type="ref"}, [25](#jah34633-bib-0025){ref-type="ref"} The definitions for comorbidities are described in Table [S1](#jah34633-sup-0001){ref-type="supplementary-material"}.

Statistical Analysis {#jah34633-sec-0012}
--------------------

Subjects were classified into 4 groups according to baseline lipid level quartiles for the first analysis and 4 groups according to lipid variability quartiles by variability independent of mean for the second analysis. The incidence rates of AF were calculated per 1000 person‐years. Cox proportional hazard model was used to calculate hazard ratios (HR) and 95% CI values for the risk of developing AF for the quartiles of lipid levels and variability. Proportional hazards assumption was evaluated graphically using log‐log plots, and there was no significant departure from proportionality in hazards over time. Multivariable Cox models were adjusted for age, sex, smoking, alcohol use, regular exercise, income status, presence of hypertension, diabetes mellitus, baseline body mass index, glucose, systolic blood pressure, and estimated glomerular filtration rate. For models where the lipid variability indices were the dependent variables, we further adjusted each model for the corresponding baseline lipid levels. Sex differences were assessed with analyses of *P* for interaction. Sensitivity analyses were performed (1) further adjusting for other comorbidities that can affect lipid levels and AF such as myocardial infarction and other ischemic heart diseases, chronic heart failure, liver disease, and end‐stage renal disease, (2) excluding those who started lipid‐lowering medication during follow‐up, and (3) excluding those with diagnosis of atrial flutter (I48.3, I48.4). Sensitivity analyses for the association between AF and lipid variability were performed using indices of SD and coefficient of variation. Exploratory analyses in subjects on lipid‐lowering medication were also performed. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC, USA), and *P*\<0.05 was considered to indicate statistical significance.

Results {#jah34633-sec-0013}
=======

Baseline Characteristics of the Study Population {#jah34633-sec-0014}
------------------------------------------------

A total of 3 660 385 subjects (mean age 43.9 years, men 68.2%) were followed up for a median of 5.38 years (interquartile range 0.44 years). Lipid levels were measured 3 (36.4%) or 4 (63.6%) times per subject. AF was newly diagnosed in 27 581 (0.75%), and the incidence of AF was 1.41 per 1000 person‐years. Baseline characteristics comparing those who remained AF‐free and those who developed AF are described in Table [1](#jah34633-tbl-0001){ref-type="table"}. Those who developed AF were older, more likely to be men, obese, had a higher prevalence of comorbidities, higher blood pressure glucose, and lower glomerular filtration rate levels. They smoked less, drank more, exercised more, and had lower income. Men who developed AF had lower lipid levels, while women who developed AF had higher lipid levels except for lower HDL‐C (Table [S2](#jah34633-sup-0001){ref-type="supplementary-material"}). Those who developed AF had generally higher total cholesterol, LDL‐C, and HDL‐C variability, and lower triglyceride variability (Table [S3](#jah34633-sup-0001){ref-type="supplementary-material"}).

###### 

Baseline Characteristics of the Study Population Comparing Those Who Remained AF‐Free and Those Who Developed AF

                                    AF‐Free (n=3 632 804)   AF (n=27 581)          *P* Value
  --------------------------------- ----------------------- ---------------------- -----------
  Age                               43.3±11.2               53.4±12.9              \<0.001
  Male sex                          2 475 158 (68.1)        21 128 (76.6)          \<0.001
  Comorbidities                                                                    
  Hypertension                      593 627 (16.3)          10 162 (43.8)          \<0.001
  Diabetes mellitus                 172 136 (4.7)           2862 (10.4)            \<0.001
  Heart failure                     5598 (0.2)              359 (1.3)              \<0.001
  Myocardial infarction             3241 (0.1)              75 (0.3)               \<0.001
  Ischemic heart disease            43 601 (1.2)            1383 (5.0)             \<0.001
  Peripheral artery disease         88 599 (2.4)            2003 (7.3)             \<0.001
  End‐stage renal disease           585 (0.02)              27 (0.1)               \<0.001
  Liver disease                     294 581 (8.1)           3914 (14.2)            \<0.001
  Thyroid disease                   62 969 (1.7)            738 (2.7)              \<0.001
  Lifestyle                                                                        
  Current smoker                    1 147 720 (31.6)        7884 (28.6)            \<0.001
  Heavy drinker                     297 350 (8.2)           2722 (9.9)             \<0.001
  Regular exercise                  762 742 (21.0)          6614 (24.0)            \<0.001
  Lowest income quintile            570 824 (15.7)          5824 (21.1)            \<0.001
  Health examination                                                               
  Body mass index, kg/m^2^          23.6±3.2                24.1±3.1               \<0.001
  Systolic blood pressure, mm Hg    121±14                  125±15                 \<0.001
  Diastolic blood pressure, mm Hg   76±10                   78±10                  \<0.001
  Glucose, mg/dL                    95±18                   100±23                 \<0.001
  Estimated GFR, mL/min             91.7±18.7               87.4±19.2              \<0.001
  Baseline lipid levels, mg/dL                                                     
  TC                                193.1±33.0              191.8±33.5             \<0.001
  LDL‐C                             112.8±32.5              112.4±30.7             0.012
  HDL‐C                             55.3±15.3               53.5±15.6              \<0.001
  Triglyceride                      109.5 (109.5--109.6)    114.7 (114.0--115.5)   \<0.001
  Lipid variability (VIM, %)                                                       
  TC                                16.5±9.0                17.2±9.5               \<0.001
  LDL‐C                             19.7±15.9               20.4±16.8              \<0.001
  HDL‐C                             7.3±5.1                 8.1±5.9                \<0.001
  Triglyceride                      0.309±0.165             0.305±0.163            \<0.001

Baseline characteristics are presented as the mean±SD, and n (%) for categorical variables. AF indicates atrial fibrillation; GFR, glomerular filtration rate; HDL‐C, high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol; TC, total cholesterol; VIM, variability independent of mean.

Baseline Lipid Levels and Risk of AF {#jah34633-sec-0015}
------------------------------------

The study population was classified by lipid quartiles into 4 groups. Median and interquartile ranges of baseline lipid levels are shown in Table [S4](#jah34633-sup-0001){ref-type="supplementary-material"}. In the multivariable adjusted model for the total population, high total cholesterol, LDL‐C, HDL‐C, and triglyceride levels were associated with a 22%, 19%, 6%, and 12% lower risk of AF, respectively (for top versus bottom quartile; total cholesterol, HR 0.78, 95% CI 0.76--0.81; LDL‐C, HR 0.81, 95% CI 0.78--0.84; HDL‐C, HR 0.94, 95% CI 0.91--0.98; triglycerides, HR 0.88, 95% CI 0.85--0.92) (Figure [1](#jah34633-fig-0001){ref-type="fig"}). The incidence rates and crude HRs are presented in Table [S5](#jah34633-sup-0001){ref-type="supplementary-material"}. There was no significant interaction with sex for the association between total cholesterol, LDL‐C, and HDL‐C levels with AF development. On the other hand, there was significant sex difference in the association between triglyceride levels and AF (*P* for interaction=0.003). Men showed significantly greater risk reduction for incident AF with high triglyceride levels (HR 0.86, 95% CI 0.82--0.90), compared with women. The association between high triglyceride levels and AF risk was not significant in women.

![Atrial fibrillation risk by quartiles of baseline lipid levels. **A**, Total cholesterol. **B**, LDL‐C. **C**, HDL‐C. **D**, Triglycerides. Q1 indicates lowest quartile; Q4, highest quartile; HDL‐C, high‐density lipoprotein cholesterol; HR, hazard ratio; LDL‐C, low‐density lipoprotein cholesterol.](JAH3-8-e012771-g001){#jah34633-fig-0001}

Lipid Variability and Risk of AF {#jah34633-sec-0016}
--------------------------------

The study population was classified by lipid variability independent of mean quartiles into 4 groups. In the multivariable adjusted model for the total population, high total cholesterol, LDL‐C, HDL‐C, and triglyceride variability were associated with a 9%, 12%, 8%, and 5% higher risk of AF, respectively (for top versus bottom quartile; TC, HR 1.09, 95% CI 1.06--1.13; LDL‐C, HR 1.12, 95% CI 1.08--1.16; HDL‐C, HR 1.08, 95% CI 1.04--1.12; triglycerides, HR 1.05, 95% CI 1.01--1.08) (Figure [2](#jah34633-fig-0002){ref-type="fig"}). The incidence rates and crude HRs are presented in Table [S6](#jah34633-sup-0001){ref-type="supplementary-material"}. There was no significant interaction with sex for the association between total cholesterol, LDL‐C, and HDL‐C variability with AF development. However, there was significant sex difference in the association between triglyceride variability and AF (*P* for interaction=0.004). The association between high triglyceride variability and AF was significant in men (HR 1.07, 95% CI 1.03--1.11), but not in women.

![Atrial fibrillation risk by quartiles of lipid variability (variability independent of mean). **A**, Total cholesterol. **B**, LDL‐C. **C**, HDL‐C. **D**, Triglycerides. Q1 indicates lowest quartile; Q4, highest quartile; HDL‐C, high‐density lipoprotein cholesterol; HR, hazard ratio; LDL‐C, low‐density lipoprotein cholesterol.](JAH3-8-e012771-g002){#jah34633-fig-0002}

Sensitivity Analyses {#jah34633-sec-0017}
--------------------

Sensitivity analyses further adjusting the main analysis for other comorbidities including myocardial infarction and other ischemic heart diseases, chronic heart failure, liver disease, and end‐stage renal disease also showed results consistent with the main analysis (Tables [S5](#jah34633-sup-0001){ref-type="supplementary-material"} and [S6](#jah34633-sup-0001){ref-type="supplementary-material"}). High levels of all lipids were associated with a lower risk of incident AF, while high variability of all lipids was associated with a higher risk of incident AF in the total population. Sex differences were significant for only triglycerides, and the associations between triglyceride levels or variability were not significant in women. Sensitivity analyses excluding subjects who started lipid‐lowering medication during the follow‐up period (Table [S7](#jah34633-sup-0001){ref-type="supplementary-material"}) and excluding subjects with a diagnosis of atrial flutter (Table [S8](#jah34633-sup-0001){ref-type="supplementary-material"}) also showed similar results. Sensitivity analyses using SD (Table [S9](#jah34633-sup-0001){ref-type="supplementary-material"}) and coefficient of variation (Table [S10](#jah34633-sup-0001){ref-type="supplementary-material"}) as variability indices also showed that high lipid variability was associated with a higher risk for AF, as in the main analysis.

Exploratory analyses in subjects on lipid‐lowering medication showed similar trends for lower risk of AF with higher lipid levels, and a higher risk of AF with high lipid variability, though mostly insignificant (Table [S11](#jah34633-sup-0001){ref-type="supplementary-material"}).

Discussion {#jah34633-sec-0018}
==========

In this study, we demonstrated that (1) the "cholesterol paradox" in AF was true for total cholesterol, LDL‐C, and HDL‐C in both sexes, and for triglycerides in men; (2) higher cholesterol variability of total cholesterol, LDL‐C, and HDL‐C in both sexes, and of triglycerides in men, was associated with higher risk of incident AF; and (3) sex differences existed for triglycerides: the association between triglyceride levels or variability and AF was not significant in women (Figure [3](#jah34633-fig-0003){ref-type="fig"}). To our knowledge, this is the largest cohort study yet on the association between lipid levels and AF, and the first study on the association between lipid variability and AF.

![Higher lipid levels were associated with a lower risk of atrial fibrillation, and higher lipid variabilities with a higher risk of atrial fibrillation. AF indicates atrial fibrillation; HDL‐C, high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol.](JAH3-8-e012771-g003){#jah34633-fig-0003}

The relationship between lipid levels and the development of AF has been controversial. While hypercholesterolemia is a well‐known risk factor for cardiovascular disease, this has not been the case for AF. We found clear inverse associations between total cholesterol and LDL‐C with AF development: subjects with the highest quartile of total cholesterol and LDL‐C, compared with those with the lowest quartile, showed a risk reduction of 22% and 19% for AF, respectively. Our results are mostly consistent with previous large community‐based cohorts (Table [2](#jah34633-tbl-0002){ref-type="table"}), in which total cholesterol and LDL‐C have generally been inversely associated with AF incidence. The Niigata Preventive Medicine Study,[16](#jah34633-bib-0016){ref-type="ref"} Atherosclerosis Risk in Communities study,[17](#jah34633-bib-0017){ref-type="ref"} Women\'s Health Study,[18](#jah34633-bib-0018){ref-type="ref"} Swedish Primary Care Cardiovascular Database,[20](#jah34633-bib-0020){ref-type="ref"} and the Chinese Kailuan study[19](#jah34633-bib-0019){ref-type="ref"} found an inverse association between total cholesterol and LDL‐C levels with incident AF, and the BiomarCaRE (Biomarker for Cardiovascular Risk Assessment in Europe) consortium study also found an inverse association between total cholesterol and incident AF.[26](#jah34633-bib-0026){ref-type="ref"} On the other hand, HDL‐C has generally shown no association or inverse association with AF, while triglyceride has generally shown no association with AF. Two studies found an inverse association of HDL‐C levels with AF (1 only in women),[16](#jah34633-bib-0016){ref-type="ref"}, [21](#jah34633-bib-0021){ref-type="ref"} while most found no association. We found a small but significant decrease in AF risk with higher HDL‐C and triglyceride levels, and this may have been detected because of the higher power, as our study included more subjects than all of the previous cohorts combined.

###### 

Comparison With Previous Large Cohort Studies Examining the Association of Lipid Levels With Atrial Fibrillation

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cohort Study                NHIS (current study)                                                Niigata                                                       ARIC                                                          WHS                                                           MESA and FHS                                                  BiomarCaRE                                                    SPCCD                                                         Kailuan
  --------------------------- ------------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------- -------------------------------------------------------------
  Region                      Korea                                                               Japan                                                         US                                                            US                                                            US                                                            Europe                                                        Sweden                                                        China

  Population                  Community‐based                                                     Community‐based                                               Community‐based                                               Healthy women                                                 Community‐based                                               Community‐based                                               Hypertensive primary care                                     Community‐based

  Size                        3 660 385                                                           28 449                                                        13 969                                                        23 738                                                        7142                                                          79 793                                                        51 020                                                        88 785

  Female sex, %               31.8                                                                66                                                            55                                                            100                                                           54                                                            51.7                                                          55                                                            21.3

  Age, y                      43.9 (mean)                                                         59 (mean)                                                     54 (mean)                                                     52.8 (mean)                                                   60 (mean)                                                     49.6 (median)                                                 64 (mean)                                                     50.8 (mean)

  Follow‐up, y                5.4 (median)                                                        4.5 (mean)                                                    18.7 (median)                                                 16.4 (median)                                                 9.6 (mean)                                                    12.6 (median)                                                 3.5 (mean)                                                    7.1 (mean)

  Incident AF                 27 581 (0.8%)                                                       265 (0.9%)                                                    1433 (10.3%)                                                  747 (3.0%)                                                    480 (6.7%)                                                    4261 (5.3%)                                                   2389 (4.7%)                                                   328 (0.4%)

  Association with AF                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  TC                          Inverse\                                                            Inverse\                                                      Inverse\                                                      Inverse\                                                      None                                                          Inverse\                                                      Inverse\                                                      Inverse\
                              HR 0.78 (0.76--0.81)[a](#jah34633-note-0005){ref-type="fn"}         HR 0.94 (0.90--0.97)[b](#jah34633-note-0006){ref-type="fn"}   HR 0.89 (0.84--0.95)[c](#jah34633-note-0007){ref-type="fn"}   HR 0.76 (0.59--0.98)[d](#jah34633-note-0008){ref-type="fn"}                                                                 RR 0.93 (0.87--0.99)[c](#jah34633-note-0007){ref-type="fn"}   RR 0.81 (0.72--0.91)[e](#jah34633-note-0009){ref-type="fn"}   HR 0.60 (0.43--0.83)[b](#jah34633-note-0006){ref-type="fn"}

  LDL‐C                       Inverse\                                                            Inverse\                                                      Inverse\                                                      Inverse\                                                      None                                                                                                                        Inverse\                                                      Inverse\
                              HR 0.81 (0.78--0.84)[a](#jah34633-note-0005){ref-type="fn"}         HR 0.92 (0.88--0.96)[b](#jah34633-note-0006){ref-type="fn"}   HR 0.90 (0.85--0.96)[c](#jah34633-note-0007){ref-type="fn"}   HR 0.72 (0.56--0.92)[d](#jah34633-note-0008){ref-type="fn"}                                                                                                                               RR 0.84 (0.73--0.97)[e](#jah34633-note-0009){ref-type="fn"}   HR 0.60 (0.43--0.83)

  HDL‐C                       Inverse\                                                            Inverse for women\                                            None                                                          None                                                          Inverse\                                                                                                                    None                                                          None
                              HR 0.94 (0.91--0.98)                                                HR 0.78 (0.67--0.93)[b](#jah34633-note-0006){ref-type="fn"}                                                                                                                               HR 0.89 (0.80--0.99)[c](#jah34633-note-0007){ref-type="fn"}                                                                                                                               

  Triglyceride                Inverse\                                                            None                                                          None                                                          None                                                          Association\                                                                                                                None                                                          None
                              HR 0.88 (0.85--0.92)[a](#jah34633-note-0005){ref-type="fn"}                                                                                                                                                                                                   HR 1.16 (1.06--1.27)[c](#jah34633-note-0007){ref-type="fn"}                                                                                                                               

  Subanalysis for sex         Greater risk reduction with high triglycerides in men (*P*=0.003)   Inverse association with HDL‐C in women                       N/A                                                           N/A                                                           No interaction with sex                                       Greater risk reduction with high TC in women (*P*=0.023)      No interaction with sex                                       N/A

  Lipid‐lowering medication   Excluded                                                            Excluded                                                      Adjusted for (no interaction found)                           Excluded                                                      Excluded                                                      Not adjusted for                                              Adjusted for                                                  Excluded in the sensitivity analysis (consistent)
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AF indicates atrial fibrillation; ARIC, Atherosclerosis Risk in Communities; BiomarCaRE consortium, Biomarker for Cardiovascular Risk Assessment in Europe; FHS, Framingham Heart Study; HDL‐C, high‐density lipoprotein cholesterol; HR, hazard ratio with 95% CI; LDL‐C, low‐density lipoprotein cholesterol; MESA, Multi‐Ethnic Study of Atherosclerosis; N/A, not available; NHIS, National Health Insurance Service; RR, relative risk with 95% CI; SPCCD, Swedish Primary Care Cardiovascular Database; TC, total cholesterol; WHS, Women\'s Health Study.

For top vs bottom quartile.

Per 10 mg/dL increase.

Per 1‐SD increase.

For top vs bottom quintile.

Per 1 mmol/L increase (=39 mL/dL for TC and LDL‐C).

Meanwhile, 1 study showing diverging results,[21](#jah34633-bib-0021){ref-type="ref"} found an association between high levels of triglyceride with incident AF, while HDL‐C showed inverse association and total cholesterol and LDL‐C showed no association with AF. However, in the latter study, AF event ascertainment was heterogeneous and there were partly different trends between lipid levels and AF between the cohorts, which may have contributed to inconsistent results. Another study performed Mendelian randomization analysis in 7 cohorts of European ancestry (n=64 901), and found no significant association between lipid gene scores created from 95 loci significantly associated with lipid phenotypes and incident AF, supporting no direct association between lipid levels and risk of AF.[27](#jah34633-bib-0027){ref-type="ref"} However, each phenotype‐specific gene score explained only 1.6% to 6.8% of the variance in cholesterol levels,[28](#jah34633-bib-0028){ref-type="ref"} and did not include later‐discovered new loci related to lipid levels. Also, the study population was smaller and heterogeneous methods for measurement of covariates and ascertainment of AF were used.

Recently, interest has increased in the variability of physiological measures, such as blood pressure and body weight, which have been linked to adverse cardiovascular outcomes.[1](#jah34633-bib-0001){ref-type="ref"}, [2](#jah34633-bib-0002){ref-type="ref"}, [3](#jah34633-bib-0003){ref-type="ref"}, [4](#jah34633-bib-0004){ref-type="ref"}, [5](#jah34633-bib-0005){ref-type="ref"} In the case of lipids, variabilities in total cholesterol,[7](#jah34633-bib-0007){ref-type="ref"}, [8](#jah34633-bib-0008){ref-type="ref"} LDL‐C,[9](#jah34633-bib-0009){ref-type="ref"}, [10](#jah34633-bib-0010){ref-type="ref"}, [11](#jah34633-bib-0011){ref-type="ref"} HDL‐C,[10](#jah34633-bib-0010){ref-type="ref"}, [12](#jah34633-bib-0012){ref-type="ref"} and triglycerides[12](#jah34633-bib-0012){ref-type="ref"} were all associated with increased cardiovascular events in patients with coronary artery disease,[9](#jah34633-bib-0009){ref-type="ref"}, [10](#jah34633-bib-0010){ref-type="ref"}, [11](#jah34633-bib-0011){ref-type="ref"} and in the general population.[7](#jah34633-bib-0007){ref-type="ref"}, [8](#jah34633-bib-0008){ref-type="ref"} However, the relationship between cholesterol variability and AF development has not yet been studied. A recent study showed that cholesterol variability was significantly associated with coronary atheroma progression and clinical outcomes, providing a plausible mechanism between cholesterol variability and cardiovascular events[29](#jah34633-bib-0029){ref-type="ref"}; though the association between achieved cholesterol levels and atheroma progression was stronger. Similarly, in our study, we found while both cholesterol levels and variability are associated with a higher risk for AF development, the effect of baseline cholesterol levels seem to be stronger than cholesterol variability. Of note, the association between lipid variability and AF was independent of baseline lipid levels in our study.

Sex differences in the association between cholesterol and AF epidemiology were observed in our study, with men showing stronger associations with AF in triglyceride levels and variability, though mostly, the trends were similar in both sexes. Previous studies have also demonstrated sex differences. In the Niigata Preventive Medicine Study,[16](#jah34633-bib-0016){ref-type="ref"} lower HDL‐C was associated with a higher incidence of AF in women ≥50 years of age, but not in women \<50 years of age or men. In the BiomarCaRE consortium,[26](#jah34633-bib-0026){ref-type="ref"} total cholesterol was inversely associated with incident AF with a greater risk reduction in women (for 1‐SD increase; women, HR 0.86, 95% CI 0.81--0.90; men, HR 0.92; 95% CI 0.88--0.97; *P* for interaction=0.023). Hormonal differences may account for sex differences in the link between cholesterol and AF incidence. Premenopausal women tend to have more favorable lipid profiles compared with men, with lower levels of LDL‐C, TG, and higher levels of HDL‐C, though the differences decrease after menopause. Mechanisms for the sex differences in lipid metabolism are complex, and are mostly attributed to sex hormones, especially estrogen, and may also be related to differences in body fat distribution or insulin sensitivity.[30](#jah34633-bib-0030){ref-type="ref"}, [31](#jah34633-bib-0031){ref-type="ref"}, [32](#jah34633-bib-0032){ref-type="ref"} Also, men show a higher incidence of AF compared with women, though the difference decreases at older age groups.[33](#jah34633-bib-0033){ref-type="ref"} Female patients with AF tend to have more severe symptoms, though they are often treated more conservatively without rhythm management.[34](#jah34633-bib-0034){ref-type="ref"} The biological mechanisms of sex differences in lipid metabolism and AF development warrant further investigation.

Several mechanisms may link cholesterol levels and variability with AF development. First, cholesterol is a main component of the cell membrane, and changes in cholesterol levels can cause changes in membrane properties through effects on membrane permeability and membrane proteins such as ion channels, pumps, and receptors. This can affect electrical gradient and resting potential across the membranes and potentiate the development of arrhythmias.[35](#jah34633-bib-0035){ref-type="ref"} Lower cholesterol levels also increase membrane fluidity and affect membrane function, causing changes in potentials, though how this is related to arrhythmia is not yet clear. Second, the link between cholesterol and AF may be inflammation. Inflammation is associated with the initiation of and perpetuation of AF.[36](#jah34633-bib-0036){ref-type="ref"} Total cholesterol, LDL‐C, and HDL‐C levels are known to be decreased while triglycerides are increased in inflammation, related to the action of inflammatory cytokines[37](#jah34633-bib-0037){ref-type="ref"}; thus, low levels of cholesterols can reflect the level of inflammation within the host. Also, lipoproteins affect the course of sepsis by binding to bacterial endotoxins and attenuating the harmful excessive inflammatory response[38](#jah34633-bib-0038){ref-type="ref"}; decreased levels of cholesterols can be detrimental to this process. Third, old age or hyperthyroidism is associated with low cholesterol levels, and increased incidence of AF, which may be confounding factors or reflections of the hidden link behind cholesterols and AF. While total cholesterol levels increase with age in the younger population, they decrease in subjects \>60 to 70 years old.[14](#jah34633-bib-0014){ref-type="ref"}, [39](#jah34633-bib-0039){ref-type="ref"} Meanwhile, AF increases with age, especially in the older population.[22](#jah34633-bib-0022){ref-type="ref"} Thyroid hormones upregulate LDL‐C receptors, increase cholesterol catabolism and excretion, resulting in a decrease of total and LDL‐C, while HDL‐C is decreased or unaffected.[40](#jah34633-bib-0040){ref-type="ref"} Subclinical or clinical hyperthyroidism is strongly related to AF development.

Our study suggests that cholesterol variability is a risk factor for AF development, and though speculative, lowering cholesterol variability may be beneficial in the prevention of AF. Statin use has been associated with decreased incidence of AF in a few previous studies.[41](#jah34633-bib-0041){ref-type="ref"}, [42](#jah34633-bib-0042){ref-type="ref"} This has been attributed to their anti‐inflammatory and antioxidant properties, and prevention of atrial structural remodeling,[43](#jah34633-bib-0043){ref-type="ref"}, [44](#jah34633-bib-0044){ref-type="ref"} and seems independent of their cholesterol‐lowering effects.[42](#jah34633-bib-0042){ref-type="ref"}, [44](#jah34633-bib-0044){ref-type="ref"} Statin therapy also significantly reduces cholesterol variability,[9](#jah34633-bib-0009){ref-type="ref"} which may contribute to protective effects on AF development, though whether this link is valid requires further research. Diet only has been shown to have only a minimal effect on cholesterol levels, while exercise and weight loss have been associated with an increase in HDL‐C levels and a decrease in LDL‐C and triglyceride levels. How these lifestyle factors affect cholesterol variability are yet unknown. Further studies to examine the mechanisms by which lower cholesterol levels and higher cholesterol variability relate to AF development, and whether the reduction of cholesterol variability can lower AF risk are required.

Several limitations of the current study should be considered. First, AF was identified from a physician\'s diagnosis of AF in the claims database, and asymptomatic AF incidents without events leading to insurance claims were missed. Discrepancies in recorded and clinical diagnoses for other comorbidities are possible. These are inherent problems of claims databases, which we tried to overcome with refined definitions using combinations of diagnosis codes, hospitalization, or outpatient service usage, medications, and procedure codes, as in previous studies.[22](#jah34633-bib-0022){ref-type="ref"}, [23](#jah34633-bib-0023){ref-type="ref"} Otherwise, all medical service use of the entire Korean population is included in the database, providing substantial accuracy and completeness of follow‐up data. Second, the individuals in the present study may have healthier lifestyles and visit healthcare services more frequently than those who skipped regular check‐ups, and there may be some selection bias. Third, we excluded patients on lipid‐lowering medication before the index year, including the period of lipid measurements; therefore, we could not examine the effects of lipid‐lowering therapy on AF. However, this is also a strength of our study, as we could avoid confounding by medication and examine the independent effects of lipid levels and variability on AF development. Third, as this is a retrospective study, our findings strongly suggest an association between cholesterol levels and variability with incident AF, but this does not mean causation and further studies on the biological mechanisms behind this link are warranted.

Conclusions {#jah34633-sec-0019}
===========

In this large nationwide population‐based cohort study, lower cholesterol levels and higher cholesterol variability were associated with a higher risk of AF incidence. These findings support the "cholesterol paradox" in AF, and suggest that cholesterol variability is a risk factor for AF development.
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